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Abstract
Molecular tautomerism has been reported to play an important role in the crystallization of 
active pharmaceutical ingredients, particularly in the formation of pharmaceutical cocrystals 
and salts. In this work, by combining molecular modelling, crystallization experiments and 
spectroscopic techniques, we investigate possible molecular mechanisms by which solvent 
can mediate proton transfer in a tautomerisation process. We found that the salt formation of 
sulfamethazine-saccharin takes place in the presence of protic solvent (ethanol, water), but is 
prohibited in aprotic solvent such as toluene. Our density functional theory calculations 
reveal that protic (polar) solvents such as ethanol and water facilitate proton transfer, serving 
as catalysts of the transformation of saccharin into its tautomerised (enol) form being a 
prerequisite to the formation of the salt. In line with these predictions, our FTIR results 
confirm that the proton transfer and the resulting transformation from the keto- to enol- form 
of saccharin does not take place in aprotic chloroform, but is clearly observed in protic 
ethanol solution. We believe that the mechanistic insight provided by our study will aid 
rational solvent selection for the crystallization processes involving molecules with 
propensity for tautomerisation. 
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Introduction
Molecular tautomerism, the ability of a molecule to interconvert into different constitutional 
isomers which differ from each other in the position of a proton and a double bond, is a 
phenomenon which occurs in the crystallization of organic molecules, including APIs (Active 
Pharmaceutical Ingredients) [1, 2]. It is known that tautomerism in a pharmaceutical 
molecule may cause a serious impact on its physicochemical properties and pharmacological 
behaviour [3, 4]. Interestingly, the crystallization of an API into a single-component (e.g. 
polymorph) or multi-component form (e.g. cocrystal, salt) may ‘freeze’ its molecules into a 
specific (stable or metastable) tautomeric form. Several examples have been reported in the 
literature on the stabilization of distinct tautomeric forms of API molecules by different 
crystalline structures [5-12]. The occurrence of a particular tautomer of an API during a 
crystallization process may also determine which type of crystalline form will in fact be 
generated. For instance, Elacqua et al. reported the ability of distinct tautomeric forms of 
sulfa drugs to accommodate different co-formers by assuming different geometries and 
adopting different regions along the cocrystal-salt boundary [13]. There is however a need for 
additional studies which would provide further insights into the role of tautomerism in the 
formation of multi-component pharmaceutical crystalline materials. There is also insufficient 
knowledge on the role of solvent in the tautomerisation process in solution.
The motivation for this study came from the experimental attempts of Padrela et al. to 
generate pharmaceutical cocrystals using supercritical fluid techniques [14, 15], particularly 
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when these authors tried to cocrystallize sulfamethazine (SFZ) with saccharin (SAC) in 
supercritical CO2 media [16]. Interestingly, these authors reported that SFZ-SAC cocrystals 
could not be formed in CO2 slurries. However, when small amounts of a polar solvent 
(ethanol) were present in the CO2 media, cocrystallization did take place. An understanding 
on which molecular mechanisms were taking place in the supercritical CO2 media and were 
impacting the final crystallization product was however missing in their studies.
This paper aims to investigate the role of molecular tautomerism in the formation of 
crystalline complexes (e.g. cocrystal, salt) between saccharin and sulfamethazine by 
combining molecular modelling, crystallization experiments and spectroscopic investigations. 
It has been reported that sulfamethazine can form either a 1:1 salt or 1:1 cocrystal with 
saccharin, as the two crystalline complexes possess the same SFZ-SAC synthon, which 
differs only in the location of the acidic proton [17]. We provide herein a detailed molecular 
level analysis of solvent-mediated proton transfer in a saccharin molecule using DFT 
(Density Functional Theory) computations. This theoretical basis is further used to elucidate 
the molecular mechanisms responsible for facilitating the cocrystallization of saccharin with 
sulfamethazine in different solvent media followed by formation of the respective salt.
Experimental Section
Materials
Sulfamethazine (SFZ) and saccharin (SAC) were purchased from Sigma Aldrich and used 
without further purification (purity was >99.9%). Hi-dry toluene (CHROMASOLV, 99.9%) 
and hi-dry chloroform (CHROMASOLV, ≥99.8%) were purchased from Sigma-Aldrich. 
Chloroform (analaR NORMAPUR) was purchased from VWR.  Absolute ethanol was 
purchased from Lennox.
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Cocrystallization of SFZ-SAC by solvent evaporation
Sulfamethazine (SFZ) and saccharin (SAC) were dissolved together in different solvents (e.g. 
toluene, hi-dry chloroform, chloroform and absolute ethanol) in a 1:1 molar ratio. 
Approximately 73 mg of SFZ and 50 mg of SAC were weighted and dissolved together in 
600 mL of toluene, hi-dry chloroform or chloroform, while the same amount of SFZ and 
SAC was dissolved in 150 mL of absolute ethanol. As both SFZ and SAC have higher 
solubility in ethanol than in the other solvents, a smaller volume of this solvent (150 mL) was 
sufficient to achieve complete dissolution of these materials. The solutions were then filtered 
through a 0.2 μm pore size nylon filter (Whatman Inc., Florham Park, NJ) to remove any 
undissolved material and were allowed to evaporate inside a fume hood for approx. 3 days. 
After the solutions became completely dried, the crystals obtained from each vessel were 
collected, characterized and stored in a closed desiccator.
Karl Fischer moisture determination of solvents
The moisture content of hi-dry toluene, hi-dry chloroform and each of these solvents after 
being exposed to air inside a fume hood for approx. 4 hours was analysed using the Karl 
Fischer method. The relative humidity inside the fume hood was 50 % ± 6%. The aim of this 
procedure was to analyse the differences in water uptake by each of these solvents when 
exposed to air in order to investigate the role of water on the cocrystallization of SFZ with 
SAC by the solvent evaporation method. The instrument used was a Mettler Toledo DL31 
Karl Fischer (KF) autotitrator. Approximately 5 mL of each sample were used for moisture 
determination and the titration experiments were performed in at least triplicate for each 
sample.
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Powder X-ray diffraction
Powder X-ray diffraction (PXRD) in reflection mode was performed using an Empyrean 
diffractometer (PANalytical, Phillips) with Cu Kα radiation (λ = 1.5406 Å) at room 
temperature. Samples were lightly ground and pressed on a zero-background plate prior to 
analysis. Data were recorded at a tube voltage of 40 kV and a tube current of 40 mA, with a 
step size of 0.02° (2θ) and a scan speed of 0.102° (2θ·s–1) in the angular range of 5° to 40° 
(2θ) with 4 rpm.
Optical microscopy
Samples of solid particles composed of mixtures of SFZ with SAC, and SFZ-SAC salts 
obtained by solvent evaporation from distinct solvents (hi-dry toluene, hi-dry chloroform, 
chloroform and absolute ethanol) were analysed using a Zeiss optical microscope. Several 
portions of solid particles from each sample were spread onto the top of different lamellas 
and observed under the optical microscope, which showed good similarity between each 
portion.
Fourier Transform Infrared (FTIR) spectroscopy
FTIR with an attenuated total reflectance module (Perkin Elmer Spectrum One) equipped 
with a ZnSe window, has been used for the characterisation of the solid samples, using a 
scanning range of 650–2000 cm−1 and a resolution of 4 cm−1. The keto-/enol- transformation 
of SAC in different solutions was investigated using an FTIR probe (Mettler-Toledo). A few 
droplets of SAC solution was placed on the FTIR probe’s window. The FTIR spectra of the 
solutions were then collected in equal intervals until complete evaporation of solvent took 
Page 6 of 28
ACS Paragon Plus Environment
Crystal Growth & Design
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
place and a stable spectrum of SAC solid was recorded. The SAC solutions for the 
tautomerisation study were prepared as follows. Approximately 50 mg of SAC was dissolved 
in 600 mL of hi-dry chloroform while the same amount of SAC was dissolved in 150 mL of 
absolute ethanol. The solutions were then filtered through a 0.2 μm pore size nylon filter 
(Whatman Inc., Florham Park, NJ) to remove any undissolved material.
Molecular modelling
The equilibrium geometries of the SAC and SFZ molecules and their respective tautomerised, 
dimerised and solvated forms were calculated with DFT using a B97-D3 Grimme’s 
functional [18], and a Gaussian-type 6-31G(d,p) basis set [19]. For the transition state 
optimisation, the synchronous transit-guided quasi-newton method has been employed [20]. 
The method requires three molecule specifications: the reactant, the product, and an initial 
structure for the transition state and is specified in Gaussian with the ‘opt=QST3’ keyword. 
Single point energies were computed for the fully optimised ground state and transition state 
geometries using a double hybrid B2PLYP-D3 functional [21], which combines exact 
Hartree-Fock exchange with an MP2-like correlation and long-range dispersion corrections; 
here we used a basis set of quadruple-ζ valence quality (def2-QZVP) [22]. The DFT-D3 
dispersion correction method employed in our computations (Grimme’s dispersion with 
Becke-Johnson damping) is expected to give better results for both nonbonded distances and 
noncovalent interaction energies as compared to the other dispersion correction methods 
accessible in GAUSSIAN, such as DFT-D and DFT-D2. The computational cost of the DFT 
calculations was relatively low when using the B97-D3 functional for the geometry 
optimization steps. However, the single point calculations involving the double hybrid 
B2PLYP-D3 functional, employed to compute accurate energies, were significantly more 
memory-demanding and expensive computationally. FTIR vibrational modes were calculated 
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at the DFT B97-D/6-31G(d,p) level for saccharin-chloroform and saccharin-ethanol (1:1) 
associates, and for saccharin dimers and dimers made of tautomerised saccharin molecules. 
The above DFT methodology has successfully been applied for small and medium sized 
organic molecules such as risperidone [23], carbamazepine [24], and tolbutamide [25]. The 
calculations were performed using the GAUSSIAN 09 package [26]. The molecular 
structures were visualized using Materials Studio 7.0 from Accelrys Inc. 
Results and Discussion
Salt formation of SFZ-SAC by solvent evaporation
Sulfamethazine (SFZ) and saccharin (SAC) were dissolved in 1:1 molar ratio in a range of 
solvents with distinct polarities (toluene < chloroform < ethanol) and crystallized by solvent 
evaporation. Figure 1 shows that a mixture of SFZ and SAC has been produced in (hi-dry) 
toluene with no signs of cocrystal or salt formation. However, when using chloroform, 
chloroform containing 1% of ethanol, and pure ethanol the SFZ-SAC salt has been formed 
with no signs of impurities from SFZ or SAC. Noteworthy, when using chloroform 
containing 1% of ethanol and when using absolute ethanol, the resultant characteristic peaks 
of SFZ-SAC cocrystals are approx. 10 times higher in intensity than when using hi-dry 
chloroform. These results indicate that solvents with higher polarity (such as ethanol) 
facilitate the supramolecular interaction of SFZ with SAC, while toluene being a nonpolar 
solvent appears to prevent that process. 
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Figure 1. Powder X-ray diffraction patterns of (a) raw sulfamethazine (SFZ), (b) raw 
saccharin (SAC), (c) theoretical sulfamethazine-saccharin (SFZ-SAC) salt from Cambridge 
Structural Database (XOBCOH), (d) mixture of SFZ and SAC produced by solvent 
evaporation in hi-dry toluene, and SFZ-SAC salt produced by solvent evaporation in (e) hi-
dry chloroform, (f) chloroform (contains ~1% (v/v) ethanol), and (g) absolute ethanol.
The optical microscopy images presented in Fig. 2 corroborate the PXRD results. A mixture 
of SFZ and SAC was produced from (hi-dry) toluene (Fig. 2a) which is composed of 
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intermixed particles, particularly bladed-like particles (SFZ) and block-shaped particles 
(SAC). In contrast, SFZ-SAC salt particles produced from hi-dry chloroform (Fig. 2b) 
present a small sized rectangular and blade-like crystal habit. When using more polar solvents 
such as chloroform with 1% ethanol (Fig. 2c) and absolute ethanol (Fig. 2d), significantly 
larger blade-like particles are obtained. These results suggest that presence of ethanol in the 
crystallizing solution facilitates both formation and growth of SFZ-SAC crystals.
Figure 2. Optical microscopy images of (a) mixtures of sulfamethazine (SFZ) and saccharin 
(SAC) produced by solvent evaporation in hi-dry toluene, and sulfamethazine-saccharin 
(SFZ-SAC) salt produced by solvent evaporation in (b) hi-dry chloroform, (c) chloroform 
(contains ~1% v/v of ethanol) and (d) absolute ethanol.
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Figure 3. FTIR spectra of sulfamethazine-saccharin (SFZ-SAC) salt (a) - (c), a mixture of 
sulfamethazine (SFZ) and saccharin (SAC) in toluene (d), SAC (e), and SFZ (f).
The FTIR spectra of the dry solids crystallized from ethanol (Fig. 3a) and chloroform + 1% 
ethanol (Fig. 3b) show nearly identical patterns, suggesting the same crystal form obtained. 
The spectrum of the sample crystallized from chloroform (Fig. 3c) also resembles those two 
spectra discussed. The subtle difference is a slightly more pronounced shoulder at ca. 1720 
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cm-1, which indicates some presence of a carbonyl group – a distinctive feature of the 
saccharin molecule. Overall the three spectra shown (Figs. 3a, 3b, and 3c) indicate the 
presence of the same crystalline phase, which according to our PXRD analysis is attributed to 
the SFZ-SAC salt. The sample crystallized from toluene (Fig. 3d) is clearly different from 
those discussed above, featuring a carbonyl (C=O) band at 1718 cm-1 belonging to saccharin. 
It also contains spectral features of pure sulfamethazine, e.g. a triplet in the range of 820 – 
920 cm-1 (cf. Fig. 3d). 
Altogether the three techniques FTIR, PXRD and optical microscopy consistently show that a 
physical mixture of SFZ and SAC crystallizes from the toluene solution and no salt is being 
formed. On the other hand, the SFZ-SAC salt forms either in ethanol, chloroform/ethanol 
mixture or chloroform. A question arises: what is the reason why toluene prevents formation 
of the SFZ-SAC salt but it is eagerly facilitated in ethanol and, to a certain extent, in 
chloroform? In order to answer this question we have employed molecular level analysis 
along with quantum-chemical calculations (DFT) and FTIR spectroscopy.
Molecular-level analysis
When looking at the molecular packing in the unit cell of the SFZ-SAC salt it appears that the 
crystal lattice is comprised of SFZ-SAC synthons featuring protonated SFZ molecule and 
deprotonated SAC molecule (Fig. 4). However, both the SFZ and SAC molecules, when in 
their parent crystal structures, have their protons bound to the nitrogen atom adjacent to their 
sulfonyl groups. It should be noted that these starting structures would only allow for 
formation of a SFZ-SAC synthon featuring the carbonyl (C=O) oxygen H-bonded to the N 
atom adjacent to the sulfonyl (SO2) group. Thus the formation of the SFZ-SAC salt synthon, 
featuring C=O…N(ring) H-bond, would be prohibited (cf. Fig. 4). This suggests that one of 
the initial reagent molecules (either SFZ or SAC) should undergo certain modification to 
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allow for the specific H-bonding to facilitate formation of the salt synthon. The required 
modification is either a proton transfer in SFZ, from the aliphatic nitrogen to the adjacent 
aromatic nitrogen, or in SAC molecule, from nitrogen to the carbonyl oxygen.
Figure 4. Top: the unit cell of the sulfamethazine-saccharin (SFZ-SAC) salt (CCDC ref. code: 
XOBCOH). Middle: dimerization pathway of sulfamethazine (SFZ) and saccharin (SAC) 
considering molecules present in their parent crystal structures. Bottom: sulfamethazine-
tautomerised saccharin (SFZ-SAC(T)) cocrystal synthon as a possible intermediate for 
formation of the SFZ-SAC salt synthon. 
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Both the SFZ and SAC molecules are prone to tautomerisation via proton transfer but to 
facilitate the salt formation it is sufficient that only one of the reagents has its proton 
relocated (cf. structure SFZ-SAC(T) in Fig. 4) [27]. As the experimental results indicate that 
ethanol has the strongest positive influence on the SFZ-SAC salt formation, we did quantum-
chemical calculations and have recorded changes in potential energy upon proton transfer 
without and with solvent (ethanol) molecules. Figure 5 combines the computational results 
for the proton transfer in SFZ molecule. The results show that in isolation (no solvent), the 
barrier to the proton transfer is very high (208.8 kJ mol-1) (Fig. 5a). The solvent-mediated 
proton transfer is less costly energetically, but the barrier is still high and is only slightly 
reduced when two ethanol molecules are involved (97.5 kJ mol-1 with one ethanol molecule 
and 85.9 kJ mol-1 with two ethanol molecules). We found that introducing more ethanol 
molecules resulted in destabilisation of the transition structure (TS), suggesting that no 
additional stabilisation of TS is possible having more solvent molecules involved. On the 
other hand, similar computations for SAC (Fig. 6) indicate that, although in isolation the 
energy barrier to proton transfer is also very high (Fig. 6a), this barrier is more efficiently 
reduced through formation of transition complexes of SAC with ethanol molecules (Figs. 6b, 
6c, and, 6d). We have also observed that SAC can accommodate more ethanol molecules 
than SFZ resulting in more stable TS and relatively lower energy barriers. The calculated 
energy barrier for the SAC complex with three ethanol molecules is 43.4 kJ mol-1, but we 
expect that the barrier could be even lower when more solvent molecules would be involved. 
Thus, our calculations indicate that, on one hand, the energy barrier to the proton transfer is 
lower for bare SFZ as compared to bare SAC, but on the other hand the barrier is being 
lowered more efficiently in case of the SAC molecule interacting with ethanol. Regarding the 
bare molecules, it appears that the three neighbouring nitrogen atoms in the SFZ molecule 
tend to stabilize the transition structure of SFZ more efficiently, probably due to the more 
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complex mesomeric effect. We hypothesise that the observed better stabilization of the 
transition structure of SAC by solvent molecule(s) may be related to the slightly higher 
polarity of the carbonyl oxygen as compared to the SFZ nitrogens, resulting in stronger 
interaction with the ethanol molecules.
Overall, our DFT computations clearly indicate that in both SFZ and SAC molecules the 
energy barrier to proton transfer is too high to be overcome without presence in solution of a 
polar solvent with labile proton, such as ethanol. In addition, we found that the ethanol 
solvent lowers the energy barrier to proton transfer in SAC significantly more than in the case 
of SFZ. Thus our computations indicate that at comparable experimental conditions 
significantly more SAC molecules would be converted into the proton-transferred 
(tautomerised) form than in the case of SFZ. Taking this into consideration we assume that, 
in order to form a SFZ-SAC salt, the SAC molecule in presence of ethanol undergoes proton 
transfer (tautomerisation from keto to enol form) and this is a prerequisite to the formation of 
a SFZ-SAC cocrystal and its subsequent conversion to the SFZ-SAC salt (cf. Fig. 4). 
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Figure 5. Potential energy profiles for proton transfer in a sulfamethazine (SFZ) molecule in 
isolation (gas-phase) (a), and solvent-mediated (b) and (c), including one and two ethanol 
molecules, respectively. Relative energies are shown in kJ mol-1. DFT calculations performed 
at B97-D3/6-31G(d,p) (geometry) and B2PLYP-D3/def2-QZVP (energy) level of theory.
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Figure 6. Potential energy profiles for proton transfer in a saccharin (SAC) molecule in 
isolation (gas-phase) (a), and solvent-mediated (b)-(d), including one, two, and three ethanol 
molecules, respectively. Relative energies are shown in kJ mol-1. DFT calculations performed 
at B97-D3/6-31G(d,p) (geometry) and B2PLYP-D3/def2-QZVP (energy) level of theory.
Noteworthy, the tautomerised (enol) forms of both the SFZ and SAC molecules are higher in 
energy than their non-tautomerised (keto) counterparts, and this is only partly mitigated by 
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clustering with ethanol. This suggests that the monomers of the enol form may not be 
sufficiently stable in solution without some additional stabilisation mechanism(s). Our DFT 
computations indicate that the monomers of SAC enol form can create dimers which are 
lower in energy (more stable) by 21 kJ mol-1 than the dimers made of the “normal” SAC 
molecules (keto-form) (Fig. 7). Thus, dimerisation of the tautomerised SAC molecules could 
be one way of stabilising and retaining them in solution.
Figure 7. Binding energies (in kJ mol-1) and H-bond distances (in angstroms) for (a) a 
saccharin–saccharin dimer (SAC-SAC), (b) a saccharin–tautomerized saccharin (SAC-
SAC(T)) dimer, and (c) a dimer made of two tautomerized saccharin molecules (SAC(T)-
SAC(T)). Calculations performed with B97-D3/6-31G(d,p) level (geometry) and B2PLYP-
D3/def2-QZVP (energy).
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FTIR spectroscopy
Following our computational prediction, we made an attempt to find an experimental proof 
that proton transfer in SAC indeed takes place in a protic solvent (ethanol) but it is prohibited 
in a non-polar aprotic solvent (chloroform). We used FTIR probe to monitor structural 
changes in solution during gradual solvent evaporation, starting from saturated solutions until 
dry mass of SAC crystals was obtained. In order to aid interpretation of the spectra we have 
calculated FTIR vibrational modes of non-tautomerised and tautomerised monomers and 
dimers of SAC. We found that sensitivity of the FTIR probe is not sufficient to obtain any 
information from saturated solutions. However, after concentrating the solutions through 
evaporation, we obtained a sufficiently strong spectral signal. We restricted our FTIR 
analysis to the range of 1800 – 1550 cm-1, which comprises carbonyl stretch v(C=O) and 
bending vibrations of the enol δ(C-O-H) group. The carbonyl group is particularly sensitive 
to H-bonding, and it has recently been demonstrated that the stronger the solvent binds to the 
solute C=O group, the more pronounced is shift of the carbonyl band towards lower 
wavenumbers [23, 28]. 
In the supersaturated solutions of SAC in chloroform we observed a band at 1732 cm-1 (C=O 
stretch) representative of the non-tautomerised form of SAC (Fig. 8). This proves our 
hypothesis that the aprotic chloroform solvent is not capable of facilitating the proton transfer 
in the SAC molecule. After evaporating chloroform, the C=O band shifts towards 1718 cm-1 
and this indicates that in the solid phase the SAC carbonyl group is involved in a stronger 
interaction. Indeed, the SAC crystal is composed of centrosymmetric dimers being stabilised 
by the relatively strong C=O…H-N H-bonds. Our DFT-calculated vibrational mode at 1722 
cm-1 for the H-bonded carbonyl group in the SAC dimer is close to the experimental value of 
1718 cm-1, thus corroborates our interpretation. 
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Figure 8. FTIR spectra of saccharin (SAC) hi-dry chloroform solutions (left panel) and 
saccharin (absolute) ethanol solutions (middle panel) at different stages of evaporation. 
Saturated – initial saturated solutions; supersaturated and highly supersaturated – 
concentrated solutions after partial evaporation (no solid phase observed); saccharine solid – 
solid residue after evaporation of solvent; spectra of pure solvents are shown for comparison. 
The DFT-simulated modes of ν(C=O) and δ(C-O-H) vibrations shown for the saccharin-
chloroform and saccharin-ethanol (1:1) associates, and for saccharin dimer and the dimer 
made of tautomerised saccharin molecules – right panel. 
Clearly different spectra were recorded for SAC dissolved in ethanol. After partial 
evaporation (obtaining supersaturated solutions without traces of solid phase), we observed a 
dominant band at 1651 cm-1 and a shoulder at 1732 cm-1. The shoulder shows some presence 
of C=O groups, which indicates a fraction of non-tautomerised SAC molecules, but the 
dominant band at 1651 cm-1 can be assigned to the enol (tautomerised/proton-transferred) 
form of the SAC molecules. Our DFT-predicted frequencies at 1632 cm-1 (tautomerised 
SAC-ethanol complex) and at 1644 cm-1 (a dimer of tautomerised SAC) again are quite close 
to the experimental value, further validating the tautomerisation of SAC in the ethanol 
solution. In summary, by employing the FTIR spectroscopy we have proved that the proton 
transfer and the resulting transformation from keto- to enol- form of SAC does not take place 
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in chloroform, but it is eagerly facilitated in the ethanol solution. This actually proves our 
hypothesis on the preferential tautomerisation of SAC in ethanol and on the resulting 
formation of the SFZ-SAC salt in this solvent. However, the prohibited tautomerisation in 
chloroform, as seen with the FTIR spectroscopy, is still in contradiction with our 
experimentally-observed formation of the salt in chloroform. 
Karl Fischer moisture determination in solvents
Our experimental results indicate that as little as 1% of ethanol in the chloroform solution is 
sufficient to facilitate formation of the SFZ-SAC salt. This suggests that the solvent behaves 
as a catalyst, i.e. after being involved in the transition complex of one SAC molecule, it 
moves to another solute molecule to catalyse the tautomerisation process. In this way, 
relatively little solvent is necessary to help converting the bulk of solute molecules. As it has 
been already discussed, the tautomerisation of SAC can be facilitated/catalysed by a protic 
solvent possessing a labile proton. Taking into account that some solvents tend to absorb 
water from atmosphere, and the water molecule is another example of a protic solvent, we 
have done an analysis of the moisture uptake by the two aprotic solvents used in our 
experiment: toluene and chloroform. 
Table 1 shows the moisture content of hi-dry toluene, hi-dry chloroform and each of these 
solvents after being exposed to air for approx. 4 hours to emulate our experimental 
procedures. Hi-dry toluene and hi-dry chloroform have relatively low moisture content 
(~0.02 % w/w), however when exposed to atmospheric conditions inside a fume hood for 
approx. 4 hours, chloroform absorbs 10 times more water than toluene. Thus, the chloroform 
solvent used in our experiment may contain up to ~1% H2O (w/w).
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Table 1. Moisture content of different solvents determined by the Karl Fischer method.
Sample Water Content (% w/w)
(hi-dry) Toluene 0.02 ± 0.01
(hi-dry) Toluene exposed to air 0.02 ± 0.01
(hi-dry) Chloroform 0.03 ± 0.01
(hi-dry) Chloroform exposed to air 0.91 ± 0.07
In order to ensure that water has similar catalytic properties to ethanol we have computed 
energy barriers to tautomerisation of SAC in presence of water molecules. The results shown 
in Fig. 9 confirm that having both the proton-donating and proton-accepting capabilities, 
water can efficiently lower the energy barrier to the proton transfer. 
Figure 9. Potential energy profiles for water–mediated proton transfer in a saccharin (SAC) 
molecule: (a) with three H2O molecules, and (b) with five H2O molecules involved. Relative 
energies are shown in kJ mol-1. DFT calculations performed at B97-D3/6-31G(d,p) 
(geometry) and B2PLYP-D3/def2-QZVP (energy) level of theory.
Taking into account the above analysis, we can sensibly conclude that the reason why the 
SFZ-SAC salt does form to some extent in the chloroform solution is most probably due to 
the presence of water uptaken by this solvent from humid atmosphere.  
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Conclusions
By combining experiment and theory we provided a mechanistic insight into formation of 
SFZ-SAC salt. We found that the successful formation of the salt is related to the type of 
solvent being used. We observed that ethanol facilitates creation of the SFZ-SAC salt, while 
toluene prevents its formation. In chloroform solution containing 1% ethanol or ca. 1% water 
(uptaken form the atmosphere) the salt formation was also observed, although at a lower 
crystallinity and a smaller particle size. Our thorough molecular level analysis supported by 
DFT calculations indicates that the salt formation goes through an intermediate stage of the 
SFZ-SAC cocrystal, and it is only possible in the presence of a tautomerised saccharin 
molecule (enol form). Our DFT computations further indicate that the energy barrier to 
proton transfer (resulting in the formation of the enol form of saccharin) is too high to be 
overcome without presence in solution of a polar solvent with labile proton, such as ethanol 
or water. We observe that by lowering the energy barrier those polar solvents facilitate the 
proton transfer and thus catalyse the transformation of saccharin into its tautomerised (enol) 
form. This implies creation in solution of the SFZ-SAC(T) dimers, the prerequisite for the 
formation of the SFZ-SAC salt. The proposed interpretation is explicitly supported by our 
FTIR results showing that the proton transfer and the resulting transformation from the keto- 
to enol- form of SAC does not take place in chloroform, but it is eagerly facilitated in the 
ethanol solution. To the best of our knowledge, we report for the first time the experimental 
evidence of SAC tautomerisation in solution. From the application point of view, the new 
mechanistic insight provided by our study could aid rational solvent selection for certain 
processes of cocrystallization and salt formation, especially those involving molecules with 
propensity for tautomerisation.
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List of Figures
Figure 1. Powder X-ray diffraction patterns of (a) raw sulfamethazine (SFZ), (b) raw 
saccharin (SAC), (c) theoretical sulfamethazine-saccharin (SFZ-SAC) salt from Cambridge 
Structural Database (XOBCOH), (d) mixture of SFZ and SAC produced by solvent 
evaporation in hi-dry toluene, and SFZ-SAC salt produced by solvent evaporation in (e) hi-
dry chloroform, (f) chloroform (contains ~1% (v/v) ethanol), and (g) absolute ethanol.
Figure 2. Optical microscopy images of (a) mixtures of sulfamethazine (SFZ) and saccharin 
(SAC) produced by solvent evaporation in hi-dry toluene, and sulfamethazine-saccharin 
(SFZ-SAC) salt produced by solvent evaporation in (b) hi-dry chloroform, (c) chloroform 
(contains ~1% v/v of ethanol) and (d) absolute ethanol.
Figure 3. FTIR spectra of sulfamethazine-saccharin (SFZ-SAC) salt (a) - (c), a mixture of 
sulfamethazine (SFZ) and saccharin (SAC) in toluene (d), SAC (e), and SFZ (f).
Figure 4. Top: the unit cell of the sulfamethazine-saccharin (SFZ-SAC) salt (CCDC ref. code: 
XOBCOH). Middle: dimerization pathway of sulfamethazine (SFZ) and saccharin (SAC) 
considering molecules present in their parent crystal structures. Bottom: sulfamethazine-
tautomerised saccharin (SFZ-SAC(T)) cocrystal synthon as a possible intermediate for 
formation of the SFZ-SAC salt synthon. 
Figure 5. Potential energy profiles for proton transfer in a sulfamethazine (SFZ) molecule in 
isolation (gas-phase) (a), and solvent-mediated (b) and (c), including one and two ethanol 
molecules, respectively. Relative energies are shown in kJ mol-1. DFT calculations performed 
at B97-D3/6-31G(d,p) (geometry) and B2PLYP-D3/def2-QZVP (energy) level of theory.
Figure 6. Potential energy profiles for proton transfer in a saccharin (SAC) molecule in 
isolation (gas-phase) (a), and solvent-mediated (b)-(d), including one, two, and three ethanol 
molecules, respectively. Relative energies are shown in kJ mol-1. DFT calculations performed 
at B97-D3/6-31G(d,p) (geometry) and B2PLYP-D3/def2-QZVP (energy) level of theory.
Figure 7. Binding energies (in kJ mol-1) and H-bond distances (in angstroms) for (a) a 
saccharin–saccharin dimer (SAC-SAC), (b) a saccharin–tautomerized saccharin (SAC-
SAC(T)) dimer, and (c) a dimer made of two tautomerized saccharin molecules (SAC(T)-
SAC(T)). Calculations performed with B97-D3/6-31G(d,p) level (geometry) and B2PLYP-
D3/def2-QZVP (energy).
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Figure 8. FTIR spectra of saccharin (SAC) hi-dry chloroform solutions (left panel) and 
saccharin (absolute) ethanol solutions (middle panel) at different stages of evaporation. 
Saturated – initial saturated solutions; supersaturated and highly supersaturated – 
concentrated solutions after partial evaporation (no solid phase observed); saccharine solid – 
solid residue after evaporation of solvent; spectra of pure solvents are shown for comparison. 
The DFT-simulated modes of ν(C=O) and δ(C-O-H) vibrations shown for the saccharin-
chloroform and saccharin-ethanol (1:1) associates, and for saccharin dimer and the dimer 
made of tautomerised saccharin molecules – right panel. 
Figure 9. Potential energy profiles for water–mediated proton transfer in a saccharin (SAC) 
molecule: (a) with three H2O molecules, and (b) with five H2O molecules involved. Relative 
energies are shown in kJ mol-1. DFT calculations performed at B97-D3/6-31G(d,p) 
(geometry) and B2PLYP-D3/def2-QZVP (energy) level of theory.
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Table 1. Moisture content of different solvents determined by the Karl Fischer method.
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For Table of Contents Use Only
Synopsis
This work explores possible molecular mechanisms underlying the influence of solvents in 
mediating proton transfer in a tautomerisation process. Through the combination of molecular 
modelling, crystallization experiments and spectroscopic techniques, we show that protic 
(polar) solvents such as ethanol and water promote tautomerisation by facilitating proton 
transfer, being a prerequisite to the formation of the SFZ-SAC salt.
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